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Introduction {#s1}
============

Telomeres are nucleoprotein structures that promote stability of chromosomes by capping their ends.^[@R1]^ Given their prominent role in maintaining chromosomal health, telomere dysfunction can have deleterious consequences.^[@R2]^ Notably, cellular senescence has been shown to influence both degenerative and hyperplastic diseases associated with aging.^[@R3]^ Research on a senescence-associated secretory phenotype (SASP), a feature of many senescent cells, has helped to foster a better understanding of the impact of telomeres on aging and age-related pathology.^[@R3]^ A prominent conclusion drawn from the study of the SASP is that a variety of SASP proteins (e.g., interleukin-6, granulocyte-macrophage colony stimulating factor, monocyte chematactic protein-2, specific insulin-like growth factor-binding proteins), induced at the level of mRNA,^[@R4]^ are responsible for promoting chronic inflammation.^[@R4]^ This is important, as chronic systemic inflammation has been directly associated with a variety of age-related diseases (e.g., Alzheimer disease, type 2 diabetes, cancer, atherosclerosis, etc.).^[@R5]^

Ultimately, the body of research on telomeres has demonstrated that shortened leukocyte telomere length (LTL) is a hallmark characteristic of aging^[@R6]^ and is associated with a number of chronic diseases (e.g., cardiovascular disease, cancer, dementia, mortality).^[@R7]^ While often regarded as a contributing factor to age-related processes, shortened or otherwise dysfunctional telomeres have also been shown to have influences throughout the lifespan (e.g. promotion of genomic instability).^[@R2]^ Thus, a better understanding of the variables (especially modifiable health behaviors) that influence telomere length may be critical for the prevention or attenuation of a number of diseases.

Of notable interest to the topic of this study, the well-established health benefits of physical activity (e.g. reduced risk for chronic diseases such as cardiovascular disease, type 2 diabetes, and certain types of cancer)^[@R8]^ have been demonstrated to extend to LTL (i.e., a positive association between physical activity and LTL has been shown).^[@R9]^ Cardiorespiratory fitness has also been demonstrated to have an independent positive association with LTL.^[@R10]^ Alternatively, and consistent with other maladaptive health outcomes associated with sedentary behavior (e.g., increased risk for obesity, type 2 diabetes and mortality),^[@R11]^ there is evidence for an independent negative association between sedentary behavior and LTL.^[@R12]^

In addition to evaluating single-variable associations with health, recent research has focused on the simultaneous evaluation of multiple factors in order to determine their unique, independent associations, as well as any possible combined associations with a given health outcome.^[@R13],[@R14]^ Studying both independent and combined associations between different variables and health outcomes may be a strategic, important method to increase our understanding of complex health-related processes. As mentioned previously, independent associations between physical activity, sedentary behavior, and cardiorespiratory fitness with LTL have been established.^[@R9],[@R10],[@R12],[@R15],[@R16]^ An investigation of their potential combined associations on LTL, however, has not yet been conducted. This is important to evaluate, because as previously noted, shortened LTL is associated with various chronic diseases.^[@R7]^ Thus, the purpose of this study was to evaluate both the independent and combined associations of physical activity, sedentary behavior, and cardiorespiratory fitness with LTL.

Materials and Methods {#s2}
=====================

Design and participants {#s2-1}
-----------------------

Data were extracted from the 1999-2002 National Health and Nutrition Examination Survey (NHANES); these are the only current NHANES cycles with telomere length data, and notably, these cycles do not contain objectively-measured physical activity/sedentary data (subjective measures described below). Analyses are based on data from 1868 adults (20-49 years; age range among adults eligible for the NHANES cardiorespiratory fitness test) who provided complete data for the study variables. The NHANES is an ongoing survey conducted by the Centers for Disease Control and Prevention that uses a representative sample of non-institutionalized US civilians selected by a complex, multistage, stratified, clustered probability design. Details have been described elsewhere.^[@R17]^ Briefly, the multistage design consists of 4 stages, including the identification of counties, segments (city blocks), random selection of households within the segments, and random selection of individuals within the households. Further information on NHANES methodology and data collection is available on the NHANES website (<http://www.cdc.gov/nchs/nhanes.htm>).

Leukocyte telomere length {#s2-2}
-------------------------

Detailed methodology of the NHANES procedures for assessing LTL has been previously reported.^[@R18]^ Briefly, DNA was extracted from whole blood with the LTL assay performed using quantitative polymerase chain reaction to measure LTL relative to standard reference DNA (T/S ratio).^[@R18]^ Each sample was assayed at least twice, and among samples with a T/S ratio within 7% variability, the average value was used; for samples with a variability of greater than 7%, a third assay was run and in this case, the average of the two closest T/S values was used.

Measurement of screen-based sedentary behavior {#s2-3}
----------------------------------------------

Participants were asked, "*Over the past 30 days, on a typical day how much time altogether did you spend sitting and watching TV or videos or using a computer outside of work*?" Response options were none, less than 1 hour, 1 hour, 2 hours, 3 hours, 4 hours, and 5 or more hrs. This screen-based sedentary behavior item has demonstrated some evidence of convergent validity by correlating with body mass index categories.^[@R19]^ Using data from the 2003-2006 NHANES (cycles with objective 'overall' sedentary data), the author computed the correlation between this self-report screen-based sedentary behavior item and identical categories (h/d) of accelerometer-determined sedentary behavior (counts/min \<100); a weak statistically significant association (r = 0.10, *P* \< 0.0001) was observed, which is not unexpected as this self-report screen-based sedentary item only assessed non-occupational sedentary behavior, whereas accelerometry assesses overall daily sedentary behavior. This observed correlation is within the range (r = -0.19 to 0.80) of a review paper documenting the concurrent validity of television viewing time and other non-occupational sedentary behaviors (referent measures included heart rate monitoring, behavioral logs and accelerometry combined with behavioral logs)^[@R20]^; notably, only 3 of the evaluated studies from this review examined the validity of self-reported television viewing time and other non-occupational sedentary behaviors. This review, did, however, demonstrate moderate-to-high reliability of these measures (the majority of the ICC's were \> 0.5).

Measurement of physical activity {#s2-4}
--------------------------------

As discussed elsewhere,^[@R21],[@R22]^ participants were asked open-ended questions about participation in leisure-time physical activity over the past 30 days. Data was coded into 48 activities, including 16 sports-related activities, 14 exercise-related activities, and 18 recreational-related activities.

For each of the 48 activities where participants reported moderate or vigorous-intensity for the respective activity, they were asked to report the number of times they engaged in that activity over the past 30 days and the average duration they engaged in that activity.

For each of activity, metabolic equivalent of task (MET)-min-month was calculated by multiplying the number of days, by the mean duration, by the respective MET level (MET-min-month = days\*duration\*MET level). The MET levels for each activity are provided elsewhere.^[@R23]^ Notably, a value of 2000 MET-min-month is consistent with government physical activity guidelines.^[@R24]^ The specific physical activity assessment used herein has demonstrated evidence of convergent validity by correlating with accelerometer-assessed physical activity.^[@R21],[@R22]^

Measurement of Cardiorespiratory Fitness (i.e., maximum oxygen consumption \[VO~2max~\]) {#s2-5}
----------------------------------------------------------------------------------------

At the mobile examination survey, participants aged 12-49 years old (only those 20-49 evaluated herein) were eligible for the treadmill-based cardiorespiratory fitness component. Participants were excluded from this component based on certain medical conditions (e.g., previously diagnosed with coronary heart disease or self-reported heart problems), medications (e.g., lidocaine), physical limitations (e.g., difficulty walking up ten steps without resting), limits on resting heart rate (i.e., \> 100 beats per minute) and blood pressure (systolic blood pressure \> 180 mm Hg; diastolic blood pressure \> 100 mm Hg), irregular resting heart rates (\> 3 beats per minute), and other reasons specified by the participant or MEC physician or staff (e.g., hospitalized in the previous 3 months).

The treadmill-based cardiorespiratory fitness exam was performed by trained health technicians. The protocol employed was a submaximal treadmill test. Participants were assigned to one of eight treadmill test protocols. Determining which treadmill test protocol to use was based on the participant's predicted VO~2max~ using the Jackson et al^[@R25]^ prediction equation. The objective of each protocol was to elicit a heart rate that was approximately 75% of the participant's age-predicted maximum heart rate (i.e., 220-age) by the conclusion of the test. Each treadmill protocol included a 2-minute warm-up period, two 3-minute exercise stages, and a 2-minute cool-down period. During the treadmill test, heart rate was monitored continuously using an automated monitor with four electrodes connected to the thorax and abdomen of the participant and was recorded at the end of the warm-up period, each exercise stage, and each minute of recovery. Because the relationship between heart rate and oxygen consumption is assumed to be linear during exercise,^[@R26]^ VO~2max~ was estimated by measuring the heart rate response to known levels of submaximal work. VO~2max~ testing has long-since served as a standard of oxygen consumption,^[@R27]^ to which numerous predictive submaximal tests have been compared to.^[@R28]^ Submaximal testing procedures have been developed and utilized in a variety of settings (e.g., clinical screening for cardiovascular-related diseases), due to the contraindications of maximal testing among individuals with restrictive cardiopulmonary, musculoskeletal and neuromuscular impairments. Notably, predictive submaximal treadmill testing protocols generally report adequate levels of criterion validity when compared to VO2max testing.^[@R28]^ For instance, the modified Bruce treadmill test,^[@R29]^ single stage submaximal treadmill walking test,^[@R30]^ and the 12-minute run test^[@R31]^ have each demonstrated Pearson correlation coefficients (when compared to maximal treadmill testing) between 0.86-0.98.

Calculation of physical activity, cardiorespiratory and sedentary behavior index score {#s2-6}
--------------------------------------------------------------------------------------

A PACS (Physical Activity Cardiorespiratory Sedentary) score was created that ranged from 0-3, indicating the number of positive characteristics. For each variable, a score of 0/1 was created using the median split method. The median split method was specifically employed to ensure an adequate cell size for rendering of reliable point estimates. Thus, those above the sample MVPA median of 1,835 MET-min-month were given a score of "1"; those below the sample sedentary median of 2 h/d were given a score of "1"; and those above the sample VO~2max~ median of 39 mL/kg/min were given a score of "1."

Statistical Analyses {#s2-7}
--------------------

All analyses accounted for the complex survey design employed in NHANES. Statistical analyses were performed using procedures from survey data using Stata (v.12, College Station, Texas, USA). Polytomous regression was used to examine the odds of being in the lowest tertile^[@R32],[@R33]^ (vs. upper tertiles) of LTL based on PACS; those with a PACS index score of "0" served as the referent group. Assumptions of the polytomous regression were checked and confirmed (e.g., dependent variable is categorical, independence of observations, no multicollinearity, no outliers).

Four models were computed, including (1) an unadjusted model, (2) age-adjusted model, (3) minimally adjusted model, and (4) extended adjusted model. In the minimally adjusted model, covariates included, age (years), gender, race-ethnicity (Mexican American, other Hispanic, non-Hispanic white, non-Hispanic black, and other/multi-race) and measured body mass index (kg/m^2^). The extended adjusted model included the same covariates in the minimally adjusted model plus physician-diagnosed hypertension (yes/no), self-reported smoking status (current, former, never), and physician-diagnosed diabetes (yes/no). Statistical significance was set at *P*\< 0.05.

Results {#s3}
=======

[Table 1](#T1){ref-type="table"} displays the unweighted characteristics of the study variables. [Table 2](#T2){ref-type="table"} displays the results for the polytomous logistic regression examining the association between PACS index score and telomere length. For all models (unadjusted to extended adjusted), those with a PACS index of 3 (vs. 0) had an increased odds (ranging from 85% to 105%) of being in LTL tertile 3 (vs. 1). That is, those who engaged in less sedentary behavior, engaged in greater physical activity, and had higher cardiorespiratory fitness had the highest LTL. Additional analyses evaluated the potential independent associations of the individual PACS parameters. In an extended adjusted multinomial logistic regression model, only MVPA (odds ratio \[OR\] = 1.37; 95% CI: 0.99-1.90; *P* = 0.05), but not sedentary behavior (OR = 1.06-0.76-1.48; *P* = 0.68) or cardiorespiratory fitness (OR = 0.97; 95% CI: 0.71-1.32; *P* = 0.85), was associated with being in the upper (vs. lower) LTL. Further, there was no evidence of an interaction effect of PACS and age or PACS and gender, on LTL (data not shown).

Table 1Unweighted characteristics of the study variables (N=1868)**VariableMean/ProportionRange**Telomere length, mean T/S ratio1.130.54-9.42Age, years33.720-49Male, %50.8Race-Ethnicity, %Mexican American26.5Other Hispanic5.3White48.8Black16.9Other/multi-race2.5BMI, mean kg/m^2^27.315.5-57.5Hypertension, %9.0Current smoker, %25.7Diabetes, %1.8PACS index, %019.3138.7231.1311.0[^1]

Table 2Polytomous logistic regression examining the association between PACS index score and telomere length, 1999-2002 NHANES (N = 1868).**PACS indexOdds ratio (95% CI)Lowest LTL tertileMiddle LTL tertileUpper LTL tertile**Unadjusted1 vs. 0Referent0.92 (0.62-1.38)0.99 (0.64-1.53)2 vs. 0Referent0.73 (0.46-1.15)1.06 (0.66-1.69)3 vs. 0Referent1.64 (1.05-2.57)1.96 (1.14-3.38)Age-adjustment^a^1 vs. 0Referent0.93 (0.61-1.44)1.01 (0.64-1.60)2 vs. 0Referent0.73 (0.46-1.17)1.06 (0.65-1.72)3 vs. 0Referent1.69 (1.06-2.71)2.05 (1.14-3.67)Minimal adjustment^b^1 vs. 0Referent0.91 (0.59-1.41)1.02 (0.64-1.63)2 vs. 0Referent0.68 (0.43-1.06)1.02 (0.61-1.69)3 vs. 0Referent1.53 (1.01-2.33)1.89 (1.05-3.40)Extended adjustment^c^1 vs. 0Referent0.90 (0.58-1.39)1.01 (0.64-1.59)2 vs. 0Referent0.66 (0.42-1.04)1.00 (0.60-1.64)3 vs. 0Referent1.46 (0.94-2.26)1.85 (1.04-3.27)[^2]

Discussion {#s4}
==========

Evaluating factors that influence telomere length is important, given that shorter LTL is not solely a marker of aging and may contribute to health consequences across the lifespan. Shortening of the DNA component of telomeres may induce genomic instability, cellular senescence, apoptosis, and as a result, may possibly facilitate cardiovascular disease risk.^[@R7]^ As a conclusive result of these consequences, studying factors that influence telomere length (as was the purpose of this study) could provide important insights that assist in identifying factors that may help to attenuate risks associated with these diseases. The main finding of the present study was that adults with all three behavioral characteristics (i.e., individuals who were physically active, engaged in less sedentary behavior and had higher levels of cardiorespiratory fitness) had the longest LTL. Notably, only MVPA was independently associated with LTL.

These "cumulative" findings align with previous work showing that these behavioral characteristics may play an important role in preserving the length of the LTL.^[@R9],[@R10],[@R12],[@R15],[@R16]^ These findings add to the current emerging body of literature on this topic suggesting that, perhaps, MVPA may play the most important role in telomere preservation. These findings are in alignment with a recent sedentary behavior meta-analysis by Biswas et al, which found that MVPA generally attenuated the negative effects of sedentary behavior on cardiovascular disease, diabetes, cancer, and all-cause mortality.^[@R34]^ Presumably, and as demonstrated in our "independent" analytic model, MVPA may have attenuated the effects of sedentary behavior in this study, resulting in a non-significant association between sedentary behavior and LTL. Of relatable interest, a recent study compared the associations of different modalities of physical activity (e.g., bicycling, walking, lifting weights) of varying metabolic equivalent units (METs),^[@R23]^ indicating that running was the only evaluated physical activity associated with LTL.^[@R16]^ This provides evidence that differing physical activity modes or intensities may have differential effects on LTL. This evidence was corroborated with our current study demonstrating that MVPA (METs ≥ 3.0)^[@R35]^ had a significant association with LTL, whereas sedentary behavior (1-1.5 METS)^[@R36]^ did not. While cardiorespiratory fitness may be a by-product of physical activity (i.e., physical activity has been shown to have significant, positive correlations with cardiorespiratory fitness; those with higher levels of physical activity tend to have higher levels of cardiorespiratory fitness),^[@R37]^ there are other factors that contribute to one's cardiorespiratory fitness (e.g., maximal heritability estimates have previously been reported at approximately 50%),^[@R38],[@R39]^ which may partially explain why we did not observe a significant association between cardiorespiratory fitness and LTL. Of course, longitudinal studies evaluating this are needed before definitive conclusions can be rendered. Future research, particularly studies employing objective measures of physical activity, is needed to better understand the mechanisms behind the observed associations. Several exercise-specific signaling mechanisms (e.g., TERT, IGF-1, eNOS, and AKT) may positively influence telomere biology by increasing telomere binding proteins and telomerase enzyme activity,^[@R40],[@R41]^ and ultimately, preserve telomere phenotype.^[@R41]-[@R43]^

In conclusion, participants who engaged in more physical activity, sat less, and had higher cardiorespiratory fitness had the longest LTL. Notably, only MVPA was independently associated with LTL. Ultimately, these findings suggest that all three of the evaluated behavior characteristics, but particularly MVPA, may be important in preserving LTL. Thus, these findings underscore the importance of health professionals promoting MVPA-facilitating cardiorespiratory fitness as well as promoting strategies to minimize prolonged sedentary behavior. If future research confirms these findings, then this will have important implications for policy development among, for example, middle- and older-age adults within office-type work settings (e.g., designing work stations that minimize prolonged sedentary behavior).
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[^1]: Abbreviations: BMI, body mass index; PACS, Physical Activity Cardiorespiratory Sedentary

[^2]: Abbreviations: LTL, leukocyte telomere length; PACS, Physical Activity Cardiorespiratory Sedentary.

    ^a^ Adjusted for age.

    ^b^ Adjusted for age, gender, race-ethnicity, and body mass index.

    ^c^ Adjusted for age, gender, race-ethnicity, body mass index, hypertension, smoking status and diabetes status.
